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Comthrol off esUabMsked expenmneimttaifl alergnc 
enncepSnalomyeMttis by nmiMMtlionn off tamoir mecirosili 
ffactoir (TNF) acttMtfy wMMm tiBae ceimforall imeirvoMs r " 
sysHemm nisSimg moMOclomall aumitnlbodlles aimd TNF -"xvu 
recepltoir^ninDimiimogllobMMH ffnisnom pirottenms ^ 

1\imor necrosis factor (TNF) activity was inhibited during the development of* 
actively-induced, chronic relapsing experimental allergic encephalomvehtip - 
(CREAE) in Biozzi AB/H mice, using a mouse TNF-specific (TN3. 19. l^fl 
antibody and bivalent human p55 and p75 TNF receptor-immunoglobulin^ 
(TNFR-Ig) fusion proteins . The development of disease could be inhibited whymi 
repeated doses of antibody were administered prior to the anticipated onset. It I 
has now also been shown that a therapeutic effect is evident even when antibodyf 
is administered after the onset of clinical signs, further indicating an important] 
role for TNF in pathogenic effector mechanisms in CREAE! Although biology!] 
cally-active TNF was not detected in the circulation, TNF-a was detected iM 
lesions within the central nervous system (CNS).This suggested that the CNS mayfl 
be the main site for TNF-specific immunomodulation and was supported by thSlL 
observation that intracranial injection was significantly more potent than thafll 
administered systemically, for both antibody and TNFR-Ig fusion proteins. T^ff 
fusion proteins were as effective as antibody at doses 10-100-fold lower than tha& 
used for antibody, reflecting their higher neutralizing capacity in vitro. Although^ 
treatment was not curative and relapse inevitably occurred in this model i|g» 
treatment was not sustained, the data indicate that anti-TNF immunotherapy^ 
especially within the CNS, can inhibit CREAE and may, therefore, be useful in'f 
the control of human neuroimmunological diseases. % 



1 iMrodmctioini 

Tumor necrosis factor (TNF-a) and lymphotoxin (TNF-0) 
are cytokines with pleiotropic effects which may be neces- 
sary for optimal immune responses to tissue injury and 
infectious microorganisms. However, there is increasing 
evidence that TNF-a is involved in certain disease processes 
such as septic shock and arthritis [1-4]. The importance of 
TNF-a in these conditions have chiefly been established 
using neutralizing Ab [3, 4]. The numerous biological 
effects of TNF-a/p [1-2] are mediated following interac- 
tions with two receptors TNFR1 (p55) and TNFR2 (p75) 
[2] . Naturally occurring TNF inhibitors have been detected, 
which consist of the extracellular domains of the p55 and 
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p75 TNFR [2] and provide candidates for immunoregula- M 
tion of TNF. However, these monovalent proteins inhibit >| 
TNF activity only when present at a relatively high molar||| 
excess [5]. Fusion of these receptors onto Ig heavy chaiiijp 
constant regions exhibits advantages of a longer serum-i 
half-life and the ability to activate effector mechanisms via I 
the Fc domain. In addition, the bivalency of the ciimeric ^ 
fusion proteins results in greater affinity for TNF, and a*; 
higher TNF-neutralizing capacity in vitro than their monoV|| 
valent counterparts both for human TNF-a and TNF-p andjif 
mouse TNF-a [5-7] and may, thus, have clinical utility. 

Chron ic relapsing EAE (CREAE) is an autoimmune t 
dise ase of the central nervous s ystem (CNS) which is used || 
as an experimental model for multiple sclerosis (MS) . There . | 
is increasing evidence implicating a role for TNF in the : H 
pathogenesis of MS and EAE. Most encephalitogenic 'M 
T cells secrete TNF following stimulation with myelin [8, 9] |§ 
[1 12893] and T cells isolated from the CNS during active EAE [10] J| 
or from the cerebrospinal fluid (CSF) of patients with active J| 
MS exhibit a greater capacity to secrete TNF compared with ^ 
T cells isolated from the peripheral blood during active J| 
disease or the CSF of clinically-inactive patients [11, 12]. ||j 
TNF has also been identified in active EAE [13] and MS |j 



Abbreviations: CSF: Cerebrospinal fluid CREAE: Chronic 
relapsing EAE i.e.: Intracranial MS: Multiple sclerosis p.i.: 
Post-inoculation SCH: Spinal cord homogeneate 

Key words: Experimental allergic encephalomyelitis / Tumor 
necrosis factor / Tumor necrosis factor receptor / Blood-brain 
barrier / Immunotherapy 



lesions [14,15], where it could contribute to chronic | 
damage associated with reactive gliosis and demyelination || 
by the destruction of oligodendrocytes and myelin [16, 17]«3| 
While administration of exogenous TNF-a augmented :|| 
actively induced EAE [18], initial studies failed to demon- 1| 
strate any modulatory effect of polyclonal TNF-specific Ab |jj 
on actively-induced EAE [19]. It is possible that actively % 
induced disease may be less responsive to disease manipu- 
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% than adoptively transferred disease [20]. Monoclonal 
-^polyclonal TNF-specific Ab significantly inhibited 
progression when administered to recipients of 
-reactive T cell prior to disease onset [21, 22]. 

-vestigate further whether TNF is important in the 
ogenesis of neuroimmunological disease, TNF-specific 
lb (TN3.19.12) [23] and TNFR-Ig fusion proteins were 
Hstered during actively-induced EAE. Treatments 
given shortly before and during active clinical disease, 
eh neurological signs were manifest. Both TNF-specific 
b and TNFR-Ig fusion proteins inhibited the develop- 
nt of the effector phase of CREAE, by targeting local 
auction within the CNS. 



-fterials and methods 

red Biozzi AB/H (H-2 d i 1 ) mice were bred at The Royal 
allege of Surgeons of England and fed on RM-1(E) diet 
d water ad libitum. 

^TNF-specific reagents ffor in vivo treatment 

.19.12, a hamster IgGl mAb which neutralizes mouse 
-a and TNF-p* [23] and L2 3D9, a non-neutralizing 
"mster IgGl mAb reactive with mouse IL-2 which was 
as a control, were both generously supplied by Dr. R. 
— iber (Washington University Medical School, St. 

, MO) in conjunction with Celltech (Slough, GB). 
^eric antibodies expressing variable regions of 
.19.12 and mouse IgGl constant domains 
,19.12. Y 1) and mouse IgGl mAb (MOPC 21) were 
lied by Dr. M. Bodmer and Dr. A. Morgan at Celltech. 
"ent TNFR-Ig proteins were prepared by fusion of the 
"llular domains of the human p55 and p75 TNFR to a 
human J sequence followed by all three constant 
ggions of human IgGl heavy chain, which was itself 
pciated with the constant region of a truncated, x light 
Jin (B.J. Scallon, H. Trinh, Brennan F.M., Feldmann M. 
d Ghrayeb J. , Comparison of the ability of different 
" or necrosis-factor receptor Fc fusion proteins to inhibit 
^Or necrosis factor; submitted for publication). The 
-TNFR contained a deletion of the C-terminal 53 
O acids of the extracellular domain of p75-TNFR and 
'bited comparable neutralizing capacity of human TNF- 
the p55-TNFR in vitro (Scallon; unpublished). This was 
~d at — 20 °C prior to use. Requests for available 
-fusions proteins should be addressed to B.J. Scal- 
, Centocor. The YTS-177.9 hybridoma was supplied by 
f . H.Waldmann, Sir William Dunn School of Pathology, 
brd, GB. YTS.177.9 which is a non-depleting mouse 
4-specific antibody [24] , was produced in ascites fluid as 
eribed previously [25]. 



Induction of EAE 

zzi AB/H mice were injected with 1 mg of spinal cord 
ogenate (SCH) emulsified with Freund's incomplete 
vant supplemented with 60 ug mycobacteria (Myco- 
ria tuberculosis H37Ra and M.butyricum [8:1]) on 
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day 0 and 7 as described previously [25] . From day 11 (Dll) 
post-inoculation (p.i.) onwards the mice were weighed and 
checked for clinical signs. These signs were graded as 
follows: 0 = normal, 1 - totally limp tail, 2 = impaired 
righting reflex, 3 = partial hindlimb paralysis and 4 = com- 
plete hindlimb paralysis. Neurological signs of lower sever- 
ity than typically observed were scored 0.5 lower than the 
grade indicated [25] . Spinal cords and brains were removed, 
processed for routine histology and sections stained with 
hematoxylin and eosin. 



2.4 Detection of TNF activity 
2.4.1 Tissue fluids 

Serum samples were prepared following exsanguination 
into the thoracic cavity, of terminally anesthetized animals 
during various phases of EAE. CSF samples (1-3 |il/ani- 
mal) were withdrawn from the foramen magnum into a 
hematocrit tube. Following centrifugation to remove cells, 
these samples were stored at — 20 °C prior to assay. TNF 
activity was assessed using either the TNF-sensitive mouse 
fibroblast cell line L929 , as described previously [26] , or 1 : 2 
dilutions of serum, and 1 : 50 dilutions of CSF were assayed 
using the Factor-Test mouse TNF-a ELISA kit (Genzyme, 
GB), according to the manufacturer's instructions. The 
ELISA assay detected 50 pg/ml - 3.2 ng/ml of TNF-a. 



2.4.2 Tissue sections 

Acetone-fixed cryostat sections of cervical CREAE spinal 
cord were stained within 1 week of preparation, by an 
indirect, avidin : biotin, immunoperoxidase technique es- 
sentially as described previously [13, 25], using TN3 19.12 
mAb or rat anti-mouse TNF-a mAb (MP6-XT3 [HB 10649] 
or MX6-XT22 [HB10697]) [27] obtained from the Ameri- 
can Tissue Culture Collection, courtesy of Dr. J. Abrams 
(DNAX, USA). TN3 19.12 and MX6-XT22 failed to give 
satisfactory staining throughout a range of doses. However, 
20 |4 (4-8 jig/ml) of MX6-XT3 revealed st ainin g which was 
inhibited when the primary mAb was diluted with excess 
recombinant mouse TNF-a (2000-500 ng/ml) prior to use 
for irnmunocytochemistry (not shown). This process failed 
to inhibit the staining of sections with a CD8a-specific 
mAb. For double labeling, sections were incubated with rat 
MX6-XT3; 1:100 dilution of rabbit anti-rat Ig (BA-4001. 
Vector) in PBS containing 5% normal mouse serum 
(NMS). This was used as a link reagent to increase the 
sensitivity of the staining, and a 1 : 100 dilution, in 5 % NMS, 
of swine anti-rabbit Ig which was conjugated with either 
TRTTC (R156. Dako) or FJTC (F205. Dako). Rabbit 
anti-factor VUI-related antigen (A082. Dako) and rabbit 
anti-glial fibrillary protein (GEAP. Z334. Dako) were 
conjugated with FITC and extensively dialyzed. Double 
immunofluorescence staining was then performed by incu- 
bating these sections with 1:50 - 1:100 dilutions (in 
5 % NMS) of either: FITC-conjugated anti-factor VHI, 
anti-GFAP, H-2A (la. 17)-specific mouse mAb (OX-6. 
Serotec, GB), or PE-conjugated rat Ig mAb specific for 
B cell-restricted B220, CD4 or CD8 antigens (Coulter Ltd, 
GB) for 30 min. Sections were observed by fluorescence 
microscopy. 
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2.5 In vivo mAb and receptor treatment 

Antibodies and receptors were administered to SCH- 
immunized EAE animals at various times post-inoculation. 
Mice were typically injected i.p. with 0. 1 ml of mAb diluted 
in PBS. In some instances anesthetized mice received a 
single 30-40 ul i.p. or intracranial (i.e.) injection in the 
cortex of the right frontal lobe as previously described 
[25]. 

2.6 Oxazolone proliferative assay 

Of 2.5 % oxazolone (OX, Sigma, GB) 25 ul dissolved in 
4 : 1 acetone : olive oil (AOO) was painted on one ear on 
day 0 [25]. On day 2 anim als were injected i.p. with 0.1 ml 
of TNF and CD4-specific mAb. Three days after the topical 
application of oxazolone the draining auricular lymph 
nodes from three-four ariimals/group were removed and 
pooled, and the induced proliferative response assessed as 
previously described [25]. Briefly, 5 x 10 5 cells/well were 
cultured overnight (in the absence of exogenous oxazolone) 
at 37 °C in a humidified atmosphere of 5 % CO2 in air with 
2 uCi of [methyl- 3 H] thymidine (sp. act. 2 Ci/mmol; Amer- 
sham, GB). Cultures were harvested and pH] thymidine 
incorporation was determined by 0 scintillation count- 
ing. 



2.7 Inhibition of TNF cytotoxicity by TNF-specific 
reagents 

The mouse fibrosarcoma cell line WEHI 164 [28] was 
seeded in 96-well tissue culture plates at 2 x 10 4 cells/well 
in 100 ul DMEM supplemented with 5% FCS, 0.04 M 
sodium bicarbonate, 2 mM L-glut amine, 100 U/ml of peni- 
cillin and 100 ug/ml streptomycin and allowed to adhere 
overnight at 37 °G A suboptimal concentration of mouse 
TNF-a (15 pg/ml), sufficient to generate 70 % cytotoxicity 
which was within the linear region of the dose-response 
curve was preincubated with serial dilutions of p55, p75P 
TNFR-Ig fusion proteins and TN3.19.12 mAb for 1 h at 
37 °C and 100 ul/well were added to the cell cultures with 
10 ul of 10 ug/ml actinomycin D. After 24 h of culture 10 ul 
MMT, (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazol- 
ium bromide) at 5 mg/ml in PBS, was added followed by an 
overnight incubation at 37 °G Formazan crystals were then 
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dissolved by the addition of 100 ul of 10 % sodium dodecyl J 
sulfate in 0.01 M HQ per well and further incubatedl 
overnight at 37°GThe absorbance of cultures was assessed S| 
at590nm. 



2.8 Statistical analysis 

Statistical analysis between groups was performed usinglf 
Wilcoxon's nonparametric test. 



3 Results 

3.1 Systemic anti-TNF immunotherapy 1 

To elucidate the potential role of TNF in a chronic relapsing '■*£ 
EAE model, animals were injected with TN3.19.12, a%. 
neutr alizin g TNFTSpecific mAb with a serum half-life of,.| 
approximately 7 days [23]. A single injection of 300 u-g of J| 
TN3.19. 12 has been reported to inhibit the development of ^ 
relapsing EAE induced by cell-transfer [21]. However, ih-'^| 
this study, a single i.p. injection of 250 ug of TN3. 19.12 on 
day 12 post-inoculation following active sensitization failed •• 
to prevent animals (7/8) developing EAE compared to f| 
those (8/8) injected with the control (L2 3D9) hamster Ig if 
mAb. However, this TN3.19.12 treatment appeared to ?| 
ameliorate the severity of disease. In comparison to L2'| 
3D9-treated animals, mice injected with TN3.19.12'-'! 
appeared to exhibit a delayed onset of weight losslf 
(day 16.1 ± 2.5 vs. 14.0 ± 0.9) and clinical signs | 
(day 17.0 ± 2.0 vs. 15.4 ± 1.2) and a lower severity of | 
maximum clinical signs (2.1 ± 1.1 vs. 3.1 ± 0.9) and body J 
weight loss (25.5 + 4.6% vs. 29.0 ±4.8%), but these 
failed to reach statistical significance. Furthermore, ani- : 
mals which developed clinical disease following TN3. 19. 12 1 
treatment, subsequently relapsed with 6/7 animals relaps- i 
ing (day of onset 38.3 ± 7.5) compared with that observed > 
in controls where 5/6 animals relapsed on day 39.6 ± 5.3 ■ • 
when observed to day 55 post-inoculation. 



the onset of clinical manifestations may inhibit the onset of 
EAE by 2-3 days. Therefore, the animals were given i 
multiple i.p. (250 ug) Ab doses, at 3-day intervals, initiated ;|j 
prior to and during the anticipated development of weight || 
loss (> 1.5 g/day), which occurs 1-2 days before the onset p 



Table 1. Multiple doses of systemically administered TNF-specific mAb inhibits the development of experimental allergic encephalo- 
myelitis 8 ) 



Treatment 


Results up to day 23 p.i. 
No. EAE/total Clinical score 


Resi 
No. EAE/total 


llts up to day 30 p.i. 
Clinical score 


Day of onset 


Smster Ig (L2 3D9) 
anti-TNF (TN3. 19.12) 


13/15 2.6 ± 0.4 
11/16 1.7 ± 0.4 b ) 
4/16") 0.7 ± 0.3 


15/15 
14/16 
13/16 


2.7 ± 0.4 

1.8 ± 0.4 
1.1 ± 0.3") 


17.7 ± 0.7 

18.4 ± 1.4* 

22.5 ± 0.7 C > 



a)Animals were immunized with 1 mg SCH in Freund's adjuvant on day 0 and day 7. Mice were injected i.p. with 0.1 ml of purified mAb ; | 
containing 250 ug of either L2 3D9 (control) or TN3.19.12 (TNF-specific) antibodies on day 14, 17 and 20, shortly before and during $ 
the onset of anticipated clinical disease. The results represent the number of animals which had developed disease, and the maximum J 
clinical grade exhibited within each group, three and ten days following the termination of antibody treatment. s 

b) p < 0.01. ■ ' 0 

c) p < 0.002 compared with the PBS-treated group. ? 

d) p < 0.05 compared with the TNF-i.p.-treated group. -■ 
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■ clinical signs [29]. In comparison to PBS and L2 A 
09-treated controls, multiple doses of TNF-specific mAb 
ficantly (p < 0.002 and p < 0.05, respectively) inhib- 
the development of EAE when assessed up to 3 days 
lowing the cessation of treatment (Table 1). Although 
[y 4/16 animals experienced clinical EAE during this 
f&riod, within 10 days of mAb treatment the majority 
§3/16) of the animals subsequently developed clinical signs 
fable l).This represented a significant delay (p < 0.002) 
, m J$f£*h& onset of clinical signs (Table 1). Treatment with L2 
'&£&^T>9 (a non-neutralizing anti-IL-2 mAb) appeared to 
Induce the severity of clinical signs expressed, but was not 
*^$gnificantly different from PBS-injected animals. 
\ " ." 

%i &fn all instances in this study, clinical outcome was the 
111 ^$ r " nar y assessment, therefore clinical signs were allowed to 
"~ |||temit. During EAE in the AB/H mouse the extent of 
||j|pononuclear cell infiltration correlates with the severity of 
ll^H^inical disease and abates rapidly during clinical remission 
I'M jjjp?]. Although anti-TNF-treated animals failed to show 
f'^^^piuch evidence of histological lesions, this was also the case 
"|n untreated EAE-remission animals and the histology was 
.therefore not particularly informative. 
|-: ; ■ 

%2 Detection of TNF in the CNS during EAE 

2 .^^^ollowing the induction of EAE clinically-normal animals 

2 /^^^xhibited weight loss, which progressed as paralysis devel- 
oped (25-35 % body weight compared with Dll) and 
jprrelated with development of blood : brain barrier dys- 

£;J|HK^ction and ceUular infiltration [29, 30]. However, initial 
y. j^^^^xamination of sera, with the L929 cell line, from animals 
exhibiting either weight loss alone, prior to the onset of 
Signs [29], or paralysis, failed to demonstrate the presence 
g>f biologically active TNF. Furthermore, analysis of five 
^dividual samples of sera following weight loss, the onset 
tf |S§Sffi| signs (limp tail), paralysis, and post-acute animals [29] 

3 "fs^^nd CSF samples from five paralyzed animals indicated that 
2 level of TNF present was below the sensitivity of the 
*F-a ELISA assay used. This suggests that at least in the 

prum samples, there was less than 100 pg/ml of biologically 



mgure 1. Immunofluorescence detection of TNF-a on CD4 + ► 
Tlymphocytes, astrocytes and macrophages in spinal cord lesions 
,; -'ng CREAE. TNF-a was detected by either HTC-(A) or 
TC-(QE and G) conjugated Ab in spinal cord lesions of 
EAE. Sections were then incubated with either a PE- 
mjugated CD4-specific mAb (Fig. IB) or FITC-conjugated anti- 
victor Vm related-antigen (D), anti-GFAP (Fig. F) or H-2A- 
'"iecific antibodies (H). Following photography of CD4 antigen 
aining (B) the sections were exposed to sufficient ultra violet light 
} bleach the PE and thus, prevent interference of PE emission in 
he FITC channel. Although the majority of CD4 + T lymphocytes 
||o not express detectable TNF-a activity (small arrow), ocassion- 
'^ly TNF-a activity co-localized with cells (arrow) expressing CD4 
ntigen (B). Endothelial cells (D), however, generally failed to 
" express TNF-a, even within perivascular lesions (arrow). 
l -iugh not all TNF activity co-localized with the expression of 
P (F), astrocytes expressing TNF-a where readily detectable 
iv) and could be localized to part of the astrocytic processes 
I arrow) surrounding lesions. This astrocytic staining profile of 
a can be observed in A, C and G. Furthermore, macro- 
;s/microglia expressing MHC class H antigens (H) could 
ly be shown to express TNF-a (arrow) within CNS lesions 
Suring EAE. (x 400) 
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active TNF-a. However, it was possible to detect TNI?* 
within the CNS of EAE animals using immunocytoche v 
istry, where staining probably represented a combinationj 
soluble and membrane-bound TNF-a (Fig. 1). TNF-a \f 
found in mononuclear cells within perivascular lesions a 
was often concentrated at the parenchyma/lesion edgg 
where positive cells appeared macrophage/glial-like. Du| 
ing the acute phase of CREAE both B cells and CDgj 
T lymphocytes form a minor component of the celhil 
infiltrate [29] and B cells generally failed to show an 
evidence of TNF-a by double immunofluorescence stain- 
ing. Occasionally some CD4 + T lymphocytes within peri, 
vascular lesions expressed TNF-a (Fig. 1A and 1BJL 
Although TNF was detected in close proximity to blcc^ 
vessels, staining typically failed to co-localize with en<p 
thelial cells stained by anti-Factor Vm-related antige 
(Fig. 1C and ID). While some GFAP + astrocytes expressed 
TNF-a (Fig. IE and IF) particularly in areas adjacent t 
perivascular lesions, the majority of detectable TNF^ 1 
activity co-localized with macrophage/microglia expressinf 
MHC class 13 antigens (Fig. 1G and 1H). 



3.3 Systemic anti-TNF immunotherapy after the onset 6 
rlinical disease 

Having established that TNF was present within lesions 
(Fig. 1), animals were injected with TNF-specific rhAt" 
when clinical signs were first manifest; that is when t" " ; 





Figure 2. Inhibition of the development of clinical disease follow 
ing injection of TNF-specific mAb. Animals were injected with 
SCH in Freund's adjuvant on day 0 and 7. Following the onset of 
clinical signs, when animals were exhibiting a flaccid tail (day Ok 
mice were injected (arrows) i. p. with 0.1 ml of either PBS (circles)? 
250 ng (A) or 1 mg (B) of TNF-specific antibody (triangles), or 
250 \ig hamster Ig (L2 3D9; inverse triangles) on day 0, 1 
following the onset of signs. Furthermore, animals received_a 
single injection of a CD4-specific non-depleting antibody 0^ 
177.9; diamonds in B only), approximately 250 ng [25] on dayj 
only. The results represent the mean group clinical score ± SEM 
(n = 5-7). 
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Injals were exhibiting a flaccid tail (grade 1). Following 
Iprst injection of TN3.19.12 antibody the clinical signs 
"ressed (Fig. 2), and antibody treatment was, therefore, 
nued daily for an additional 2 days. Within 2 days of 
histering 250 ug of TN3 . 19 . 12 clinical signs abated and 
|| significantly different (p < 0.02) from L2 3D9-treated 
'nals, whose disease became more severe. Although not 
istically significant, L2 3D9-treated anim als appeared 
fernit at a faster rate than PBS-treated anim als T his 
Rested that this non-neutralizing IL-2-specific antibody 
j. be exhibiting some biological inhibitory effect 
l|. 2A). Increasing the dose of TN3.19.12 to 1 mg failed 
Improve the inhibitory effect above that observed with 
pugTN3.19.12 (Fig. 2B). As has previously been shown 
)}y a non-depleting CD4-specific mAb could rapidly 
jbilize and reverse clinical progression (Fig. 2B). 
Jlthough the mechanisms by which these antibodies act 
plain to be established, the observation that TNF-specific 
omunotherapy failed to inhibit an in vivo induced prolif- 
i|tive response whereas anti-CD4 treatment was marked- 
' munosuppressive (Fig. 3), suggests that these mecha- 
s are different. 




w ,. e 3. Effect of TNF immunotherapy on an in vivo induced 
cell proliferative response. Animals were painted on the ear with 
of 2.5 % oxazolone on day 0. Two days later animals 
e-four per group) were injected ip. with 500 ug TNF-specific 
toody (TN3.19.12) or approximately 250 ug CD4-non-deplet- 
%tibody (YTS 177.9). Draining lymph nodes cells (5 x 10 s ) 
n- removed and pooled and cultured in the presence of 
P thymidine overnight.The results represent the mean ± SD of a 
"iraram of five replicate wells. The results of two individual 
piments are shown. 



|||CNS-directed TNF immunotherapy 

yphown in Fig. 2B it is possible to stabilize rapidly and 
Ijlrse disease progression with CD4-specific mAb. 



Although CD4+ cells can be targeted in the peripheral 
circulation prior to extravasation into the CNS, it is 
probable that the majority of the TNF activity/secretion is 
occurring within the CNS (Fig. i), and efficient immuno- 
therapy may therefore require sufficient antibody to enter 
the CNS. To elucidate this further, different routes of 
administration of TN3 . 19 . 12 were examined. Following the 
onset of clinical signs animals were injected intracranially 
with varying doses of TN3. 19.12 (Fig. 4). Although 1.5 ug 
of TN3.19.12 failed to alter the clinical course of disease, 
150 ug of mAb stabilized clinical disease (Fig. 4). The 
systemic i.p. injection of clinically-affected animals with 
150 ug of mAb TN3.19.12 again initially failed to prevent 
rapidly the progression of disease (Fig. 5). However, 
significant (jp < 0.002) benefit was observed when TNF 
immunotherapy (150 \ig mAb) was administered directly 
into the CNS (Fig. 5), compared to that administered 
systemically. In contrast to controls and animals treated 




RELATIVE TO ANTIBODY ADMINISTRATION (Days) 



Figure 4. Dose-dependent inhibition of the progression of clinical 
EAE following injection of TNF-specific mAb directly into the 
CNS. Animals were injected with SCH in Freund's adjuvant on 
day 0 and 7. Following the onset of clinical signs (arrow), when 
animals were exhibiting a flaccid tail (day 0), mice were injected 
i.e. either with 30 \il of PBS (circles) or 30 ^ of 5 mg/inl (150 ug; 
inverse triangles), 0.5 mg/ml (15 ug; triangles) or 0.05 mg/ml 
(1.5 (ig; diamonds) oftheTN3.19.12 mAb or 15 ugof p55-TNFR-Ig 
fusion protein (open triangles). The results represent the mean 
group score ± SEM of five-six anim als per group. 




Figure 5. Inhibition of the development pf clinical disease follow- 
ing injection of TNF-specific monoclonal antibody directly into the 
CNS. Animals were injected with SCH in Freund's adjuvant on 
day 0 and 7. Following the onset of clinical signs (arrow), when 
animals were exhibiting a flaccid tail (dayO), mice were either 
untreated (circles) or injected with 30 ul of PBS i.e. and 150 ug of 
TN3.19.12 mAb i.p. (open inverse triangles) or injected i.e. with 
30 ul of 5 mg/ml TN3. 19. 12 mAb i.e. (150 ug) and PBS i.p. (closed 
inverse triangle). Alternatively, animals were injected i.e. with 
150 ug of mouse IgGl control (MOPC 21) mAb (diamonds) or 
chimeric TN3 . 19 . 12vl mAb (triangles). The results represent the 
mean group score of 5-16 animak per group. 
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systemically with TN3.19.12, where clinical signs always 
became more severe following disease onset, CNS-directed 
treatment generally stabilized clinical disease prior to 
remission, although in some cases animals experienced a 
transient increase in severity of signs following a period of 
stabilization. Furthermore, i.e. injection of TN3.19.12, into 
18-19-g mice, significantly (p < 0.002) inhibited the pro- 
gression of weight loss (0.08 g ± 0.21 g) within 24 h after 
treatment, compared to both untreated animals 
(1.37 ± 0.11 g) and mice i.p. injected with theTNF-specific 
antibody (1.00 ± 0.18 g). Although this treatment modu- 
lated the severity of clinical disease, the majority of both 
the controls (5/6) and anti-TNF i.e.-treated (5/6) animals 
subsequently relapsed on day 38.4 ± 3.4 and 35.6 ± 5.3, 
respectively. Because data presented in Table 1 and Fig. 2 
suggest an ameliorative effect of the L2 3D9 hamster IgGl 
mAb, mouse IgGl (MOPC 21) was used as a non-specific 
control for the i.e. injection of mAb and failed to affect the 
course of disease compared with animals injected with PBS 
(Fig. 5). However, injection of chimericTN3.19.12-Yl mAb 
exhibited a comparable ameliorative effect to the parent 
TN3.19.12 hamster IgGl mAb (Fig. 5). 



3.5 Immunotherapy with soluble TNF-receptors 

The p55 and p75P TNFR-Ig fusion proteins exhibited a 
significantly higher inhibitory capacity than the TN3.19.12 
mAb in assays measuring mouse TNF-a-mediated killing of 
WEHI-164 cells in vitro (Fig. 6). This difference was fur- 



ther examined in vivo following i.e. treatment withTNFR' 
Ig fusion proteins. Of p55-TNFR-Ig 15 pig was found e 
induce an inhibitory effect comparable to 150 (ig 0 " 
TN3 . 19. 12 mAb (Fig. 4) , although as previously found wi 
mAb treatment the animals treated with p55-TNFR-l- 
subsequently relapsed (5/6 on day 30.6 ± 0.5 post-moculjg 
tion). Both p55 and p75P-TNFR-Ig were effectivi 
(p < 0.002) in disease inhibition (Fig. 7a). Further studies 5 : 
with p55-TNFR-Ig fusion protein indicated therapeutic 
effect at 1.5 pig following i.e. (Fig. 7a), which was compai| 
able to that induced with 150 ug p55-TNFR-Ig fusion, 
protein injected systemicaUy (Fig. 7b). On a weight basis^. 
both systemic (Fig. 7b vs. Fig. 2) and CNS (Figs. 4 and 7af- 
vs. Fig. 4) administration of the TNFR-Ig fusion protein^ 
exhibited a significantly improved inhibitory effect coint 
pared with TNF-specific mAb. 




[Protein] (ng/ml) 

Figure 6. Inhibition of mouse TNF-a-induced cytotoxicity in vitro 
by TNFR-Ig fusion proteins. The TNF-sensitive WEHJ 164 cells 
were incubated for 24 h with 15 pg/ml TNF, sufficient to generate 
70% cytotoxicity, which was in the linear region of the dose- 
response curve in the presence of various concentrations of 
TN3.19.12 mAb (open cicles), p55-TNFR-Ig (open squares) or 
p75P-TNFR-Ig (circles) fusion proteins. Cytotoxicity was meas- 
ured using the MTT colorimetric assay and reading absorbance at 
590 nm; the percentage inhibition of cytotoxicity was calculated as 
follows: 

Agampie + TNF ~ ArNF alone x ^qq 




Figure 7. Inhibition of the development of clinical disease foUow£| g 
ing injection of TNFR-Ig fusion proteins directly into the CNS (A>,| 
or systemicaUy (B). Animals were injected with SCH in Freund !.s|L 
adjuvant on day 0 and 7. Following the onset of clinical nff&M 
(arrow), when animals were exhibiting a flaccid tail (day 0), 
were either untreated (circles) or injected i.e. (A) or (i.p.) B wil^ 8 
either 150 ug (open diamond) or 15 ug (closed diamond) of an^ 
in vitro inactive p75-IgGl fusion protein, as a control; 15 W5|| 
p75P-TNFR-Ig fusion protein (open square) or 150 jig (°P^M 
inverse triangle), 15 ug (inverse triangle), 1.5 ug (open triangle^ | 
0.15 ug (closed triangle) of p55-TNFR-Ig fusion protein. T»<||| 
groups represent between 5-15 animals per group. 



4 Discussion . | 

This study d^monsttated th^nej^ahzatiojn or 
with either TNF-specific m Ah, pSS or p75-TNFR-I&fuS2S,l 



proteins can significap tlY inhibit the developm ent ofagggyii 
. ly-induced EAE in the mouse . even when cunic^LsignsJ^f 
aheadv bee n established. Furth ermore, increased ishi^p| 
ry action" "on c linical profession can be ob served when l£j_ -« 
immuno therapy is, j specjgcally.j3irejcte-d i nto the Q^S. - ^ 
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pi, development of clinical EAE induced by adoptive 
%sfer has been prevented using both monoclonal [21] and 
Syclonal [22] Ab systemically administered to the recip- 
fis shortly after the transfer of encephalitogenic cells, 
mot to the development of clinical signs. It has been 
pitionally demonstrated here that such treatment can 
pibit clinical disease once it has been established, and 
implicates TNF as an important effector molecule during 
pEAE. In this CREAE model, induced in Biozzi AB/H 
nice by active sensitization, a single i.p. injection of a 
j|lF-specific (TN3.19.12) mAb failed to prevent the 
jevelopment of relapsing disease, in contrast to the studies 
prelapsing EAE induced by cell transfer [21] .This result is 
mjiilar to a previous study on actively-induced acute EAE 
||vhich benefit was not noted [19]. However, the devel- 
opment of EAE could be significantly inhibited if multiple 
loses of TNF-ct/p-specific mAb were administered, as 
Tsfund previously in the treatment of cell-transferred dis- 
Ise, where daily administrations of a TNF-a-specific 
jplyclonal antiserum were effective [22]. A recent report 
■pi found the incidence of relapse to be inhibited following 
Seated weekly administration of TN3.19.12 mAb to 
" ission animals with CREAE induced by adoptive 
sfer [31]. In this and previous studies [22, 32] clinical 
E developed rapidly following the cessation of antibody 
|rapy, and suggests that TNF immunotherapy is not 
lerting an effect through generalized, long-term immuno- 
■^pression. In contrast to the immunosuppressive action 
pD4-specific mAb on EAE and T cell proliferation [25], 
|ubition of TNF activity exhibited minimal effects on T 
coliferative responses suggesting that TNF-directed 
jamunotherapy targets effector cell function during 
nic inflamm ation, rather than the induction of disease. 
s would be consistent with the inability of in vitro 
satment of encephalitogenic cells to inhibit adoptive 
jnsfer of disease [22]. Therefore, the relative timin g of 
pbody administration is important for an inhibitory 
feet to be observed. In contrast to the inhibitory effect of 
tttiple doses observed when treatment was administered 
ing the anticipated development of disease (Table 1) 
ilar treatment (3 x 250 [igTN3.19.12 i.p.) terminated 
iir to development of anticipated clinical disease failed to 
ffyent the. development of clinical EAE (8/8 affected; 
group score 3.3 ± 0.5). 

Khough systemic administration of neutralizing TNF 
t||gents inhibited EAE, a significantly increased inhibition 
pie progression of clinical signs and weight loss (data not 
©wn) was observed when neutralizing TNF-specific mAb 
j| TNFR-Ig fusion proteins were administered directly 
0 the CNS. This suggests that an important component of 
^IF activity is generated within the CNS. This study 
|icates that the major source of TNF-a within the CNS 
|ing CREAE is from MHC class EE-positive macro- 
||ges/microglia. However, it is also clear that T cells and 
Tbcytes also expressTNF-a during CREAE. In MS there 
increasing evidence that TNF activity is concentrated 
u: n the CNS. Some studies have detected TNF in the 
l of some but not all MS patient [11, 12]. In studies 
i TNF was measured in both peripheral blood and 
, ' greater concentrations were detected in the CSF 
J 12]. TNF is present in CNS lesions [14, 15]. These 
Eorts showed TNF-a to be present in astrocytes and 
fcrophages [14, 15], while TNF-P was expressed by 
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T lymphocytes and microglial cells within the CNS white 
matter [15]. 

The precise mode of action of TNF-specific immunothera- 
py requires further elucidation, and the relative involve- 
ment of TNF-a and TNF-p in the neural tissue, during EAE 
and MS, is currently unknown. TNF-a produced locally 
within the CNS of nude mice has the effect of inducing 
acute, severe cachexia which is characterized by anorexia 
and weight loss, which contrasts with the slow, less-severe 
wasting disease induced following intramuscular implanta- 
tion of cells producing TNF, even though serum levels of 
TNF-a were comparable to those obtained following i.e. 
implantation [33]. During active clinical EAE the 
blood : brain barrier (BBB) dysfunction correlates with the 
onset of weight loss [30] and in MS has been correlated with 
the levels of TNF-a [12]. Recently TNF-a has been shown 
to induce BBB breakdown [34] and lesions typical of EAE 
following direct injection into the CNS [35]. The data 
suggest that while TNF exhibits a variety of pro-inflamma- 
tory effects [1-2], it may particularly influence vascular 
permeability and leukocyte extravasation via up-regulation 
of leukocyte .: endothelial adhesion molecules [1]. As such, 
treatment with TNF-specific mAb inhibits the up-regula- 
tion of adhesion molecules, expressed by the CNS vascu- 
lature, induced during adoptively transferred EAE [36] and 
prevents the accumulation of leukocytes along the entire 
neuroaxis [22]. TNF may also be involved in the develop- 
ment of active demyelination [17]. As cytokine expression 
appears to be developmentally regulated during lesion 
formation [37], it is likely that TNF may exert different 
effects depending on the constituents of the cytokine 
microenvironment present within the CNS. 

Qualitatively the neutralization of TNF activity by TNFR- 
Ig fusion proteins was similar to that induced by mAb. Both 
could inhibit the development of CREAE while therapy 
was maintained. However the capacity to subsequently 
develop disease was not significantly altered, suggesting the 
TNF inhibitors acted by neutralizing locally-produced TNF 
rather than by directly inhibiting cytokine synthesis. Biva- 
lent TNFR-Ig fusion proteins were significantly more 
effective than mAb at TNF neutralization in vitro and 
in vivo and supports previous studies using different 
TNFR-Ig fusion proteins in experimental models of toxic 
shock and sepsis [5-7]. This increased neutralization poten- 
tial is probably mainly reflective of the increased affinity for 
TNF that the TNFR-Ig fusion proteins have ([5-7] and 
Scallon B.J., unpublished) compared to mAb, rather than 
differences in the Ig isotypes of the mAb and fusion 
proteins used. However selection of such Ig isotypes used in 
the neutralizing reagent may serve to influence the phar- 
macokinetics of bioavailability, and immunogeniticity of 
theTNF-neutralizing reagent. It seems clear from this study 
that cytokines produced within the target tissue are of 
major importance in the pathogenesis of disease. The CNS 
is normally relatively impermeable to Ig [25, 38]. However, 
it has previously been shown that i.e. administration can 
deliver significantly more Ab to the CNS, including the 
spinal cord, than can be delivered following systemic 
aclministration even during blood: brain barrier dysfunc- 
tion which occurs during CREAE [25, 30]. The ability to 
use reagents of high neutralization capacity may be of 
particular relevance , when the ability of the reagent to enter 
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the target tissue is low, such as may occur in multiple 
sclerosis [38]. This may account for the increased efficacy of 
p55 TNFR-Ig fusion protein compared with mAb following 
systemic administration to inhibit the progression of disease 
development. 

This and other studies have indicated that TNF is an 
important mediator in the pathogenesis of sepsis and 
importantly in autoimmune disease [3-5]. Studies in 
collagen type n arthritis in mice, with the same TNF- 
specific mAb (TN3. 19.12) used in this current study, 
demonstrated an ameliorative effect on joint destruction 
[4], and this has led to a clinical trial of chimeric TNF- 
specific mAb in rheumatoid arthritis. That trial has con- 
firmed the concept that TNF-a is a suitable therapeutic 
target in rheumatoid arthritis [39]. TNF is involved in the 
pathogenesis of CREAE, and on the available data appears 
to be a good candidate target for immune intervention in 
multiple sclerosis. 
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